Abstract: The formation of adsorption layer of BSA aqueous solution under hydrodynamic lubrication conditions was studied using optical interferometry. The adsorption film was analysed and found consisting of two types of adsorption. A two-media approach was derived to determine the adsorption film thickness in real time.
INTRODUCTION
The lubrication mechanism of synovial fluid, as a natural lubricant composed of complex components, such as hyaluronic acid (HA), lipids, and proteins et al. [1] , has not been fully understood. The adsorption of protein molecules is known to occur on those surfaces lubricated with synovial fluids, and the adsorbed layer contributes to the lubrication.
Serro et al. [2] found that metallic surfaces can adsorb bovine serum albumin (BSA) more than alumina. Voros [3] measured the protein adsorption on hydrophilic and hydrophobic surfaces and found the density and refractive index of the adsorbed protein layer changing during the adsorption process and largely dependent on the protein, the surface and the solvent. Arwin [4] measured the thickness and dielectric functions of adsorbed layers of proteins. The refractive index of the adsorbed film was found in the range of 1.5 to 1.6. More complicated adsorption behaviours due to the corrosion and metal ion release were also reported [5, 6] . The protein adsorbed to the surface formed a metal/protein/hydroxide complex layer. The experiments conducted by Santos et al. [7] showed that the flow Reynolds number or shear stress could influence the whey protein adsorption in different ways depending on the protein conformation (native or unfolded). For multilayer adsorption of unfolded protein, increasing shear stress results in the removal of protein adsorption on the surface. The work of Schneider et al. [8] revealed that when the hydrodynamic shear is above a critical value, the adsorption of von Willebrand factor fibers can be significantly enhanced, and this shear-induced adsorption is related to the unfolding of protein molecules and the increase of its binding sites at high shear. Uyen et al. [9] showed that larger amounts of adsorbed BSA are observed with higher shear rates at low bulk concentrations. However, the adsorption showed the opposite at high concentrations.
Direct observation and measurement of lubrication films and adsorption layers are critical to the understanding of synovial fluid lubrication. Mavraki and Cann [10] , and Fan et al. [11] measured the film thickness of bovine serum (BS) in a steel/CoCrMo ball-on-glass disc contact, and found that film thickness is characterized by a complex time-dependence. They proposed an inlet aggregation mechanism to account for their findings. Vrbka et al. [12] studied the BS film building behaviour under rolling/sliding conditions, and showed that the conditions of faster ball or faster disc presented different film thickness.
The paper presents a study with a conformal sliding contact lubricated with BSA aqueous solutions. The lubricated contact was monitored optically in real-time, and the dynamic (the growing of any adsorption film) and static (thickness of steady lubricating film) nature of BSA aqueous lubrication 12 were examined. The film thickness was measured under full film lubrication conditions, and the adsorption process of BSA was monitored by interference images.
EXPERIMENTAL
A slider bearing tester [13] , whose contact is schematically shown in Fig. 1 , was adopted in the present study. A specified slider inclination angle can be set by the adjustment bolts. The surface roughness R a of the moving glass disc is 4 nm. The glass disc is coated with a two-layer film (a bottom Cr layer and a SiO 2 layer on top) as the beam splitter. The slider is made of AISI52100 steel and has a highly polished surface, R a = 8 nm. The light source is monochromatic and its wavelength is 635 nm. As shown in Fig. 1 , when the surface of the glass disc moves at a speed u d and a load w, the rotating disc and the inclined slider are separated by a thin lubricating film. In the tests, the film thickness is represented by the minimum film thickness h 0 at the exit. The size of lubricated contact is 4 mm (length in sliding direction) × 9 mm (width). The test fluid is an aqueous bovine serum albumin (BSA) solution. BSA is a large globular protein and its solution was prepared using deionized water. Its properties are listed in Table 1 . Experimental conditions are shown in Table 2 . 
RESULTS AND DISCUSSION
Figures 2 and 3 present typical interferograms of lubrication films generated by the BSA aqueous solution. The slider-on-disc contact runs under conditions of load w = 4 N and speed u d = 21.27 mm/s. The interference fringes were initially straight and smooth as shown in Fig. 3 (time instant = 0), indicating a perfect wedge gap. However, the horizontal fringes bended at the side edge of the slider gradually. With increase in running time, the fringe pattern within the contact changed locally. Two distinct Regions I and II can be classified, as shown in Fig. 2 . Region I which is near the outlet has regular fringes remaining well defined. Region II starts from the inlet and grows towards the outlet region. The appearance of Region II looks darker and fringes are slightly blurred, indicating quite different nature from those in Region I. In further running of the test, the blurred fringes in Region I near the inlet edge became clearer and formed a slight brighter strip. From the interference fringes, it is anticipated that protein adsorption could occur in Region I, but the blurred fringes in Region II indicate that besides protein adsorption, there may exist corrosion on the slider surface. At the boundary between Regions I and II, the narrow fringes show optical path length difference between the two regions. Furthermore, the boundary line is not a straight one.
It was observed that the interference fringe patterns are influenced by the slider inclination, speeds and loads. Fig. 4 presents the interferograms for three inclination angles under the same speed, the same load and the same running time. Region II is about λ/4 (wavelength of the light, 635 nm) lower than Region I in terms of optical path length. Recently, Fan et al. [11] and Myant et al. [14] observed in the tests of a CoCrMo ball-on-disc contact lubricated by BS/Albumin/γ-globulin solutions that wear occurred on the ball surface shortly after the start of the test while the glass disc surface was mostly undamaged. They attributed this worn ball surface to the third body wear or chemical polishing (corrosion). In the present experiments, the slider-disc contact was always run under full film lubrication and no mechanical wear can be actualized. The observed material removal can only be the result of chemical corrosive effect. The corrosion occurred soon after the start of the test. Despite different materials used, the present observation provides a support to the proposition of corrosion. Figure 6 shows that the generation of Region II is slow with slow running speeds. If there is no motion and the slider surface remains fully wetted with the aqueous BSA solution, no obvious change could be observed on the slider surface even after 10 hours. Previous studies have shown that BSA can affect the corrosion of the metal/alloys, and some may increase the corrosion and some may not [6, 15, 16] . Different mechanisms are put forward to account for the experimental results. The present results showed that BSA could induce a very quick corrosion, and there is position selectivity under conditions of thin film lubrication. This phenomenon may be correlated to electrochemical behaviours and stress and shear of thin lubricating films, and further study is needed. Optical microscopy observation showed that Regions I and II are in two different colours, faint yellow and blue respectively, as shown in Fig. 7 . The slider surface is covered with compact grains. The adsorption film in Region II seems thick and rough, and its blue colour indicates the Fe ions (Fe +2 / Fe +3 ) and the electrochemical corrosion of the surface. The film in Region I is thin and the polish scratches in the original surface are not completely hidden. Figure 8 reveals that no corrosion occurs in Region I, and there is only protein adsorption.
(a) Figure 7 . Optical microscopy image of the slider after the test (in Fig. 5 ). Figure 8 presents SEM images of Regions I and II, which give more details about the adsorption film on the slider surface. BSA is adsorbed on the slider surface in two different forms: discrete protein aggregation and a continuous adsorption layer. The protein aggregates adsorbed on surfaces have been reported in previous studies [2] . The current presented images show that the protein aggregates are spread in the continuous layer and their size is not uniform, ranging from a few microns to more than 20 microns. Figures 7 and 8 show that the blue colour in Region II is from the continuous layer and related to the Fe ion released due to corrosion. It is thus postulated that the gel-like blue color layer is a metal/protein/hydroxide complex layer. When the slider is dried, cracks can be generated due to dehydration as shown in Fig. 8 b. Moreover, the adsorption layer in Region II is much more built than that in Region I, probably attributed to the metal ion release and topography change due to corrosion. Similar gel-like films in a ball-on-disc contact were also reported in Ref. [11, 12, 14] .
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For estimating the adsorption film thickness, off-line measurement was carried out by a two-medium approach, as schematically shown in Fig. 9 . After a test, the specimen slider was unloaded and rinsed thoroughly with water to remove unbound protein. After fully dried, the slider was then mounted against the disc with a specified wedge gap. The optical path lengths were measured with two different mediums: medium 1 and medium 2 filling up the gap, respectively. For the same gap thickness h f :
where h a and n a are the thickness and the refractive index of the adsorption film, n 1 and n 2 are the refractive indices of the two mediums, and h opt1 and h opt2 are the optical path length with mediums 1 and 2. Combining Eqns. (1) and (2) In the tests, the air and the water were chosen as the mediums, and their refractive indexes are 1.00 and 1.33 respectively. The refractive index of the adsorption film is usually larger than that of the aqueous solution. n a is assumed to be 1.5 [4] . The thickness profile of the adsorbed film along the central line near the outlet was deduced and plotted in Fig. 10 a. The average thickness is about 38 nm. Figure 10 b present the measured adsorption film profile in the inlet region, it can be seen that the adsorption film is thicker than that in Fig. 10 a, indicate that a comprehensive progress of corrosion passive film and protein adsorption.
CONCLUSION
BSA aqueous solution shows adsorption films in two modes in thin fluid film lubrication: a continuous thin layer and discrete protein aggregates. Corrosion has been observed and found to be location selective under thin film lubrication. Corrosion occurs first in the inlet region and then moves to the outlet region. A two-medium approach was developed to evaluate the adsorption film thickness, and it was found that the adsorption film thickness increases with increasing sliding speeds.
